ABSTRACT: Ninety hybrid (mainly Large White × Landrace) pigs from 2 experimental replicates were used to study the potential use of computed tomography (CT) as a nondestructive technology for estimating the chemical body composition of growing pigs. Body tissue components (lean, fat, and bone) of 6 live pigs from each sex (boars, gilts, and barrows) were assessed by CT imaging before slaughter at approximately 30, 60, 90, 120, and 150 kg of BW. After slaughter, the empty body components were ground and frozen until analyzed for protein, lipid, ash, and moisture content. Several growth functions were evaluated and the allometric function (Y = aBW b ), which was evaluated as log 10 chemical component weight = b 0 + b 1 log 10 BW, provided the best fit to the data. For each sex, the allometric coefficient (b 1 ) for protein (0.92 to 0.99) was close to but less than 1; for ash (1.03 to 1.12), it was close to but greater than 1; for moisture (0.82 to 0.86), it was less than 1, and for lipid (1.61 to 1.71), it was greater than 1. Deposition rates (change in component weight per unit change in BW) for each chemical component were predicted using derivatives of the function. The mean deposition rates for protein and lipid were 0.141 and 0.286 kg/kg of BW gain, respectively. The deposition rate for protein was generally stable across different BW, whereas that for lipid increased as BW increased. In addition, linear, quadratic, exponential, and logistic functions were fitted to the data to study the relationship between the CT data and chemical components. The linear function was assessed to be the best equation, based on the Bayesian information criterion. The prediction equation for protein (kg) = −1.64 + 0.28 × CT lean (kg), and for lipid (kg) = −0.69 + 1.09 × CT fat (kg), had R 2 values of 0.924 and 0.987, respectively. Sex had no effect (P > 0.05) on the prediction of protein and lipid. The effect of BW was not significant (P > 0.05) for the prediction of lipid, but it was significant (P > 0 0.05) for the prediction of protein. However, the addition of BW to the base prediction equation for protein resulted in an increase of only 0.013 in the R 2 value. It was concluded from this study that CT scanning has great potential as a nondestructive technology for estimating the physical and chemical body composition of pigs. Additional research is required to validate the utility and accuracy of the prediction equations.
INTRODUCTION
The economic value of a pig depends on the proportions of its body tissues (lean, fat, and bone); hence, knowledge of the growth and development of pigs is essential for improving the efficiency of pig production (Akridge et al., 1992; de Lange et al., 2003) . Traditionally, these body tissues have been studied through the serial slaughter of pigs across several BW or age ranges, followed by dissection or chemical analyses of the tissues (e.g., Whittemore et al., 2003) . This method of obtaining information on body tissues and chemical composition (protein, lipid, ash, and moisture content) is destructive, expensive, and labor intensive. Computed tomography (CT) scanning, which is based on the fact that different body tissues attenuate x-rays at different rates, is one of a few available nondestructive techniques used in recent times to obtain weights and proportions of body tissues of live pigs and carcasses. In a review by Szabo et al. (1999) , the common imag-ing techniques used for estimating the body composition of live pigs and carcasses were evaluated, and CT scanning was found to be the most accurate. The differential (allometry, or changes in proportions of body tissues), as well as the temporal (changes in size over time) growth and development of body tissues (lean, fat, and bone) of live pigs, have been quantified and mathematically described using CT scan data in studies by Giles et al. (2009) and Barchia et al. (2010) , respectively. The ultimate goal is to be able to describe the growth and development of the chemical composition of pigs. Chemical composition, especially protein and lipid weights and deposition rates, are essential data used to parameterize various pig productivity, nutritional, efficiency, and product models (Black et al., 1986; Quiniou and Noblet, 1995; Schinckel et al., 2003) . However, information is limited on the mathematical relationships between chemical composition and the nondestructive techniques for assessing body composition. The objective of the study was to assess the use of CT as a nondestructive technology for estimating the chemical body composition of growing pigs.
MATERIALS AND METHODS
The project was approved by the Animal Ethics Committee of the Elizabeth Macarthur Agricultural Institute (EMAI), and all animals in the project were managed according to the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (NHMRC, 2004) .
Animals and Management
This study was part of the major pig energetics project at the EMAI near Camden, Australia, described by Arthur et al. (2008) . One component was a longitudinal study of live performance and body composition using CT imaging. The second component, conducted concurrently with the longitudinal study, was a serial slaughter experiment. The project used hybrid (mainly Large White × Landrace) boars, gilts, and barrows, and was replicated in time, with 1 replicate conducted in 2003 and a second replicate conducted in 2005. The target BW of the pigs for the beginning of the project was 30 kg. The actual mean (±SD) BW and age of the pigs at the beginning of the project was 32.4 ± 3.5 kg and 70 ± 1 d. The pigs were housed in individual pens in rooms maintained at 22°C. The pigs were fed a grower diet (28.6% CP and 4,904 kcal/kg of GE) until 19 wk of age, and then were switched to a finisher diet (22.7% CP and 4,904 kcal/kg of GE) until 27 wk of age, after which they were switched to a heavy pig diet (21.0% CP and 4,952 kcal/kg of GE). Fresh feed was weighed and offered daily, but the weigh-back of unconsumed feed was conducted at intervals of 1 wk. Water was provided using nipple drinkers. Feed was offered ad libitum to each pig, and feed intake and BW were recorded at weekly intervals. The source, selection, feeding, and management of the pigs have been described in detail by Arthur et al. (2008) .
This study uses data from the pigs of the serial slaughter experiment of the project. For each of the 2 replicates, 45 pigs (comprising 15 boars, 15 gilts, and 15 barrows) were used. Before the experiment commenced, the pigs were randomly assigned, within sex, to 1 of 5 target slaughter weights of 30, 60, 90, 120, and 150 kg of BW. When pigs attained their designated target slaughter weight, they were scanned by CT as live pigs and then slaughtered. For each replicate, the 9 pigs (3 boars, 3 gilts, and 3 barrows) for a particular target slaughter weight were anesthetized with an intravenous dose of xylazine (Xylazil, 100 mg/mL; Ilium Veterinary Products, Troy Laboratories Pty. Ltd., Smithfield, New South Wales, Australia) and ketamine (Ketamil, 100 mg/mL; Ilium Veterinary Products, Troy Laboratories Pty. Ltd.; Giles et al., 2009 ) and scanned by CT close to that BW. On the day after CT scanning, each of the pigs was weighed and anesthetized with an intravenous dose of barbiturate (Lethabarb containing 325 mg/mL of pentobarbitone sodium, Virbac Pty. Ltd., Milperra, New South Wales, Australia), 3-to 8-mL dose depending on the BW range). Each pig was then transferred to the postmortem facility at EMAI, exsanguinated, and eviscerated to record carcass weight (including head, skin, and hair). The viscera including tongue, digestive tract, kidneys, and reproductive and urinary tracts plus testicles were weighed to record the full viscera weight. The contents of the digestive tract were then removed, the intestines were washed, and the viscera were reweighed to record the empty viscera weight. Each carcass (including the head) was cut down the midline. The right side was discarded and the left side was broken at the level of the last thoracic vertebra as a straight cut perpendicular to the dorsal midline. The left side and empty viscera were then stored in airtight plastic bags and frozen at −12°C. The frozen left side was subsequently cut into blocks, minced, and mixed, and two 500-g samples were taken. The viscera were also minced and mixed, and samples were taken. All the samples were freeze-dried and moisture loss was recorded.
CT and Chemical Composition
Body tissue composition was measured by CT using a Picker PQ 2000 spiral CT scanner (Philips Medical Systems, Picker International Inc., Highland Heights, OH) at EMAI. From the scanned images, the weights of muscle (referred to as "lean" in this study; termed "CT lean"), fat (termed "CT fat"), bone (termed "CT bone"), skin (termed "CT skin"), and water (termed "CT water") were estimated from their total volume and mean density. Total volume was determined using Cavalieri's principle by multiplying the sum of areas in all images by the distance between each image, assuming a random sampling of parallel sections separated by a known distance (Gundersen et al., 1988) . Mean density was calculated relative to the density of water at 39°C (mean body temperature of pigs) from a function relating the Hounsfield unit value to tissue density (Fullerton, 1980) . The procedures used for the CT scanning and the processing of the images were described in detail by Giles et al. (2009) .
The minced carcass and viscera samples, which had been freeze-dried, were sent for analyses of moisture, Table 1 . Formulas for models used in describing the growth and development of the chemical composition of pigs CT lean, 2 kg Boar 25.0 ± 2.0 43.6 ± 3.1 59.8 ± 3.9 74.1 ± 9.9 82.3 ± 7.7 Gilt 25.0 ± 2.6 42.0 ± 2.5 55.6 ± 5.8 74.7 ± 2.9 76.2 ± 10.8 Barrow 24.6 ± 1.9 41.8 ± 5.5 54.9 ± 6.5 67.4 ± 5.4 80.7 ± 5.4
CT fat, 2 kg Boar 3.7 ± 0.8 8.5 ± 2.0 12.8 ± 2.5 20.2 ± 5.3 30.9 ± 7.7 Gilt 4.2 ± 0.5 7.8 ± 1.6 17.6 ± 2.7 26.0 ± 4.4 40.5 ± 6.6 Barrow 3.8 ± 0.8 10.9 ± 2.2 17.2 ± 2.1 29.3 ± 4.0 37.1 ± 6.1 CT bone, 2 kg Boar 3.9 ± 0.3 5.8 ± 1.1 9.1 ± 1.5 11.1 ± 0.7 11.7 ± 2.0 Gilt 4.0 ± 0.7 6.2 ± 1.1 9.1 ± 0.6 11.6 ± 0.6 13.4 ± 1.8 Barrow 3.7 ± 0.2 6.2 ± 1.4 9.0 ± 1.4 11.0 ± 1.3 12.8 ± 1.3 CT water, 3 kg Boar 1.7 ± 0.3 3.5 ± 0.6 5.5 ± 0.8 7.1 ± 0.5 9.3 ± 1.2 Gilt 1.8 ± 0.2 3.2 ± 0.3 5.6 ± 0.4 7.8 ± 0.6 9.0 ± 1.4 Barrow 1.6 ± 0.5 3.7 ± 0.4 5.7 ± 0.8 7.4 ± 1.1 9.8 ± 1.0
Protein, kg Boar 5.5 ± 0.5 10.0 ± 0.8 14.2 ± 1.3 18.9 ± 2.6 23.8 ± 3.4 Gilt 5.7 ± 0.5 9.8 ± 0.7 13.1 ± 1.2 18.6 ± 1.7 20.2 ± 1.7 Barrow 5.4 ± 0.4 9.3 ± 0.7 13.8 ± 2.3 17.7 ± 1.7 21.2 ± 5.1
Lipid, kg Boar 3.3 ± 0.7 8.6 ± 2.3 14.1 ± 2.9 22.9 ± 5.9 32.8 ± 8.0 Gilt 4.1 ± 0.8 8.7 ± 1.5 18.1 ± 3.1 27.2 ± 4.8 44.7 ± 6.5 Barrow 3.5 ± 0.7 10.6 ± 2.8 19.4 ± 3.1 29.0 ± 3.8 38.0 ± 9.1 Ash, kg Boar 1.0 ± 0.2 1.9 ± 0.6 2.5 ± 0.7 4.4 ± 1.7 5.9 ± 2.4 Gilt 1.3 ± 0.5 1.8 ± 0.5 2.9 ± 0.8 4.8 ± 1.2 4.6 ± 1.7 Barrow 1.0 ± 0.1 2.1 ± 0.8 2.8 ± 0.7 4.7 ± 1.5 4.7 ± 1.8
Moisture, kg Boar 21.5 ± 1.7 37.2 ± 2.0 51.9 ± 3.9 58.2 ± 7.2 76.1 ± 4.5 Gilt 22.3 ± 2.2 36.1 ± 1.8 47.9 ± 3.8 64.2 ± 2.5 67.5 ± 6.8 Barrow 21.7 ± 1.4 35.0 ± 0.8 49.1 ± 3.4 59.1 ± 2.9 76.0 ± 10.7
Chemical lean, kg Boar 25.3 ± 1.9 43.7 ± 2.5 60.0 ± 4.5 70.0 ± 7.2 90.6 ± 1.7 Gilt 26.2 ± 2.6 42.7 ± 1.6 55.5 ± 4. protein, lipid, and ash contents. Moisture content was determined by lyophilization (Seligmann and Farber, 1971) . A subsample (approximately 3.5 g) of each material was dried in an oven at 105°C for 2 h before ash determination. The ash content was determined by heating a sample in a muffle furnace at 550°C for 6 h (AOAC, 1990). Nitrogen was determined using the Dumas combustion method (AOAC, 2006) with a Leco CNS 2000 analyzer (Leco, St. Joseph, MI) and was then converted to protein by multiplying N × 6.25 (King-Brink and Sebranek, 1993) . Total lipid content was determined by solvent extraction with petroleum ether (AOAC, 2006) . Chemically derived lean (termed "chemical lean") was calculated by adding the weight of protein to the weight of moisture associated with lean tissue. Water (CT water) is free unbound water among layers of subcutaneous fat (Giles et al., 2009 ); hence, its weight was subtracted from the total moisture content to obtain the weight of moisture associated with lean tissue.
Statistical Analysis
From a preliminary regression analysis of CT tissue component (e.g., lean) weight on chemical component (e.g., protein) weight, standardized residuals (z-values) were calculated as (actual weight − predicted weight)/ regression SD. Records with z-values outside of the range of −4 to 4 were considered outliers because the z-value range of data with a 99.9% confidence interval was −3.32 to 3.32. Records on 1 boar and 1 barrow from the 150-kg target BW group were classified as outliers and were not included in the final statistical analysis because their chemical composition data were outside the expected range. The boar outlier had 30.1 kg of protein and 8.91 kg of ash, with corresponding z-values of 4.75 and 4.62. The barrow outlier had 12.3 kg of protein and 22.9 kg of lipid, with corresponding zvalues of −4.34 and −6.80. Second, examination of the data indicated that 1 barrow assigned to be slaughtered at a 120-kg target BW was actually slaughtered at approximately 150 kg; hence, it was reclassified with the 150-kg target BW group. The reclassification and the removal of the outliers resulted in 17 pigs (comprising 6 boars, 6 gilts, and 5 barrows) for the 120-kg target BW group and 17 pigs (comprising 5 boars, 6 gilts, and 6 barrows) for the 150-kg target BW group.
Several equations were fitted to the data to evaluate the growth of each chemical component (Y, kg) to BW (x, kg). The fitted equations and their derivatives were similar to those used and described in detail by Wagner et al. (1999) and are summarized in Table 1 . The equations were fitted separately for each sex because a sex × BW interaction existed (P < 0.05) for lipid and moisture. The derivatives of each function, sometimes referred to as marginal growth (Giles et al., 2009) , where e i is the residual value for the ith observation, n is the number of observations, and p is the degrees of freedom in the model. Therefore, the R 2 and RSD values reported are based on the back-transformed data. 2 and RSD (residual SD) are based on the back-transformed data.
*P < 0.001, the probability of a coefficient being different from 0. Giles et al. (2009) fitted similar equations to the CT body tissue data from the longitudinal study component of this project, so it was deemed unnecessary to repeat this with the current serial slaughter data. To examine the nature (linear or curve) of the relationship between body tissue (lean, fat, or bone) weight assessed by CT scanning and its corresponding chemical component (protein, chemical lean, lipid, or ash) weight, an analysis was conducted by fitting linear, linear-quadratic, exponential, and logistic functions to the data from the serial slaughter experiment as follows: 
RESULTS
Least squares means for BW; weight of body tissue as assessed by CT; and chemical composition of boars, gilts, and barrows are presented in Table 2 . It should be noted that target BW was a guide to when the group of pigs were to be slaughtered, whereas BW was the actual weight at slaughter. Pooled across sex, percentage of protein (protein weight/BW × 100) was greatest (15.1%) at the 30-kg target BW and continued to decrease to 13.9% at the 150-kg target BW. Percentage of lipid, however, was least (9.9%) at the 30-kg target BW and continued to increase to 25.9% by the 150-kg target BW. Percentage of ash was fairly stable across the target BW, from 3.0% at the 30-kg target BW to 3.3% at the 150-kg target BW. Percentage of moisture decreased from 59.7% at the 30-kg target BW to 47.1% at the 150-kg target BW. In general, sex differences in the weights of the chemical components were minimal at the beginning 30-kg target BW, but increased with increasing target BW.
Growth and Development Models
In evaluating the models for describing the growth and development of protein, lipid, ash, and moisture relative to BW, the preferred models were those with lesser RSD and greater R 2 values. The deposition rate data were also examined to ensure that the models provided biologically sound predictions. The augmented allometric functions and the exponential functions had consistently larger RSD than did the simpler functions for each of the chemical components and were thus eliminated. The nonlinear function produced the least RSD only for protein and ash in boars and moisture in barrows. For protein in boars, the nonlinear function resulted in a negative deposition rate at lighter BW, and in the other 2 cases, the RSD and R 2 values were only marginally different from those of the simpler models. On further examination of the RSD and R 2 values and the shape of the deposition rate curves, the allometric functions were found to provide an overall better fit to the data and were thus chosen as the preferred model for each of the chemical components for each sex.
The allometric coefficients for the chemical components for each sex are presented in Table 3 . Mean deposition rates for protein, lipid, ash, and moisture were 0.141, 0.286, 0.033, and 0.402 kg/kg of BW gain, respectively. The deposition rate for protein was generally stable across different BW, whereas that for ash increased as BW increased. There was a sex × BW interaction (P < 0.05) in the allometric curves for lipid and moisture. The predicted deposition rate curves for these 2 chemical components for the 3 sexes are presented in Figure 1 . Across sex, the deposition rate for lipid increased as BW increased, whereas that for moisture decreased. No differences were observed in the deposition rates between gilts and barrows, but boars had lesser deposition rates for lipid and greater deposition rates for moisture.
Relationship Between Chemical and Body Tissue Composition
The characteristics of the linear and nonlinear models for describing the relationship between the chemical composition of pigs and CT body tissue data are presented in Table 4 . For each chemical component, the differences in R 2 values among the different models were very small and were less than 0.01. This is reflected in the BIC values, which indicated that for each of the chemical components, the simpler linear model (with the least BIC value) was the preferred model. The results of further evaluation of the linear models for the relationship between chemical composition of pigs and CT body tissue data are presented in Table  5 . For the prediction of protein from CT lean, and for chemical lean from CT lean, CT BW was a significant (P < 0.05) additional explanatory variable, and this is also reflected in the lesser BIC values for these models. However, the increase in R 2 value was only 0.01. For the prediction of lipid and ash, CT BW and sex were not significant variables in the model. The CT BW × sex interaction was also not a significant variable in the prediction model for any of the chemical components. Therefore, the addition of other explanatory variables to the primary CT body tissue variable had only a minor effect, if any, on the predictive power of the simple linear regression model for each of the chemical components. The rank correlation coefficients for protein with CT lean, chemical lean with CT lean, lipid with CT fat, and ash with CT bone were 0.97, 0.98, 0.99, and 0.90 respectively, indicating that, based on the CT body tissue measurements, there was very little reranking of pigs for their equivalent chemical component measurements.
The relationships between CT body tissue and the equivalent chemical component together with a line of identity are presented in Figures 2 and 3 . Where the relationship between 2 variables is close to perfect and the unit of measurement is similar in magnitude, the expectation is that the least squares regression line will be very close to the line of identity, as observed for CT lean with chemical lean (Figure 2b ). For CT fat with lipid, the least squares regression line was close to the line of identity; however, above a CT fat weight of 20 kg, there was a slight divergence in the 2 lines (Figure 3a). Protein content and ash content had different magnitudes of measurement relative to CT lean and CT bone, respectively, and were thus characterized by least squares lines, which were not close to their respective lines of identity (Figures 2a and 3b) .
DISCUSSION
Using data from the longitudinal experiment (which was run in parallel with this study) to relate CT body tissue weight to BW in pigs, Giles et al. (2009) reported that the more complex nonlinear models were preferred. Although similar results have been obtained in other studies, these complex functions have been found to be less stable because of greater correlations between explanatory variables (Thompson et al., 1996; Wagner et al., 1999) . Because the data set for this study was relatively small, it was not unexpected that the simpler allometric model would emerge as the preferred function after evaluating all the models. A similar outcome was obtained in a study by Schinckel et al. (2008) , which related chemical components to BW in pigs from 20 to 125 kg of BW.
Allometric functions are widely used to model growth and development in pigs, and have the advantage of providing simple stable solutions, a straightforward biological interpretation, and stable derivatives (Schinckel et al., 2008) . It is implied from the function that each chemical component, expressed as a percentage of BW, either uniformly decreases, remains constant, or increases when the allometric coefficient (b 1 ) is less than 1, equal to 1, or greater than 1, respectively. In this study, the b 1 value for protein was close to but less than 1, whereas for ash, it was close to but greater than 1, for moisture, it was less than 1, and for lipid, it was greater than 1 and reflected the percentage of BW results. Similar results were obtained in a study in the United States for chemical components expressed as percentages of BW (Wiseman et al., 2007) and in their corresponding b 1 values (Schinckel et al., 2008) .
Some evidence exists in the literature (Shields et al., 1983) to suggest that protein, expressed as a percentage of BW, increases from birth to approximately 60 kg of BW, after which the percentage decreases. This pattern of growth was not evident from the protein deposition rates obtained in the current study. It should be noted, however, that the pigs were approximately 30 kg of BW when the current study commenced, and they were more than 60 kg of BW at their second chemical composition measurement. The design of this study may therefore have lacked the sensitivity at the lighter BW to detect the growth pattern for protein described by Shields et al. (1983) . A study by Schinckel et al. (2008) also concluded that maximal protein deposition and BW growth were not likely to be achieved between 30 and 60 kg of BW.
The primary chemical constituents of pigs are protein, lipid, moisture, and ash, of which moisture and ash content are closely related to protein content. Protein and lipid are also the primary variables that affect the efficiency of energy utilization of growing pigs (Noblet et al., 1999) . Hence, the weight and deposition rates of these 2 chemical components (protein and lipid) have been used as the key descriptive variables in compositional growth models in pigs (Schinckel and de Lange, 1996; Knap et al., 2003) . Such compositional growth models are used to predict daily essential nutrient requirements. Protein and lipid weights and deposition rates have also been used in models to predict the meat yield and carcass value of pigs (Quiniou and Noblet, 1995; Schinckel et al., 2003) .
Computed tomography is currently one of the most accurate nondestructive methods for obtaining body tissue mass and body composition in live pigs and carcasses, as reviewed by Szabo et al. (1999) . In recent studies, the error of prediction of lean meat percentage from pig carcasses using CT has been limited to 0.6 to 1.7%, which is smaller than the errors made during dissection trials (Nissen et al., 2006; . To increase the utility of CT data for use in various pig productivity, nutritional, efficiency, and product models, its relationship to the chemical composition of pigs needs to be established and prediction equations need to be developed. Information on the relationship between CT data and chemical composition of pigs is limited. In a review by Szabo et al. (1999) , the R 2 values from the models relating protein and lipid to CT values were 0.84 and 0.89, respectively, which are less than the values of 0.924 and 0.987 obtained in the present study. Advances in CT technology in recent times have markedly improved the precision of CT measurements. For example, new equipment, such as that used in this study, has enabled a reduction in slide thickness, increasing the number of cross-sectional images for greater accuracy.
It is concluded from this study that CT scanning has great potential as a nondestructive technology for estimating the physical and chemical body composition of pigs. The protein and lipid weights and deposition rates predicted from CT data can then be used to parameterize various pig productivity, nutritional, efficiency, and product models. However, further research is required to validate the prediction equations to determine their utility and accuracy on independent data sets with pigs that have different body compositions at narrower BW ranges.
